Background: Lipolysis contributes to adipose inflammation. Results: Lipolysis up-regulates sphingosine kinase 1 (SphK1) in adipocytes. Modulation of SphK1 regulates adipose lipolysisstimulated interleukin 6 production. Conclusion: SphK1 plays a pivotal role in adipose inflammation. Significance: Identification of a role for SphK1 in lipolysis-triggered adipose inflammation. Targeting SphK1 provides a novel intervention for adipose inflammation and associated metabolic syndromes. . 5 The abbreviations used are: ADRB3, ␤ 3 -adrenergic receptor; 3T3-L1-CAR, 3T3-L1 cell line stably expressing the coxsackie and adenovirus receptor (CAR); BAY, BAY 59-9435, selective HSL inhibitor; CL, CL-316243, specific agonist of ␤ 3 -adrenergic receptor; EWAT, epididymal white adipose tissues; HSL, hormone-sensitive lipase; IL-6, interleukin 6; SKI-2, sphingosine kinase inhibitor 2, a non-lipid inhibitor of sphingosine kinases; SphK1, sphingosine kinase 1; qPCR, quantitative PCR.
Adipocyte lipolysis can increase the production of inflammatory cytokines such as interleukin-6 (IL-6) that promote insulin resistance. However, the mechanisms that link lipolysis with inflammation remain elusive. Acute activation of ␤ 3 -adrenergic receptors (ADRB3) triggers lipolysis and up-regulates production of IL-6 in adipocytes, and both of these effects are blocked by pharmacological inhibition of hormone-sensitive lipase. We report that stimulation of ADRB3 induces expression of sphingosine kinase 1 (SphK1) and increases sphingosine 1-phosphate production in adipocytes in a manner that also depends on hormone-sensitive lipase activity. Mechanistically, we found that adipose lipolysis-induced SphK1 up-regulation is mediated by the c-Jun N-terminal kinase (JNK)/activating protein-1 signaling pathway. Inhibition of SphK1 by sphingosine kinase inhibitor 2 diminished the ADRB3-induced IL-6 production both in vitro and in vivo. Induction of IL-6 by ADRB3 activation was suppressed by siRNA knockdown of Sphk1 in cultured adipocytes and was severely attenuated in Sphk1 null mice. Conversely, ectopic expression of SphK1 increased IL-6 expression in adipocytes. Collectively, these data demonstrate that SphK1 is a critical mediator in lipolysis-triggered inflammation in adipocytes.
Obesity is a global epidemic that is associated with numerous morbidities such as type 2 diabetes, cardiovascular diseases, hypertension, and certain types of cancers (1) (2) (3) (4) (5) . The mechanisms that link obesity to disease are poorly understood. However, there is a growing appreciation that for certain individuals, obesity results in low grade chronic inflammation that largely emanates from the adipose tissue (6, 7) and results in systemic insulin resistance (8 -10) .
Adipose tissue is known to produce signaling molecules that regulate local and systemic proinflammatory responses (11) . For example, adipose-derived production of proinflammatory cytokine interleukin-6 (IL-6) drives hepatic insulin resistance (12) . However, the signaling pathways involved in adipocyte IL-6 release are not completely known. We previously reported that acute activation of ␤ 3 -adrenergic receptors (ADRB3) 5 triggers expression of proinflammatory genes, including IL-6, MCP-1, PAI-1, among others (13) . ADRB3-mediated inflammation mimics inflammation produced by chronic treatments such as high fat feeding and thus offers a tractable model for investigating molecular mechanisms of adipose tissue inflammation. Importantly, this ADRB3-mediated inflammation depends on activation of hormone-sensitive lipase (HSL), suggesting involvement of lipolytic products as proinflammatory mediators.
Sphingosine 1-phosphate (S1P) is a serum-borne bioactive lipid mediator that regulates an array of biological activities in various cell types (14 -17) . S1P can function either as an extracellular ligand or intracellular mediator (18 -20) . Increasing evidence indicates that S1P plays important roles in proinflammatory responses. For example, S1P/S1P 3 signaling is critical for the late stage proinflammatory responses in dendritic cells (21) , whereas S1P/S1P 2 signaling in macrophages and endothelial cells promotes vascular inflammation and atherosclerosis (22, 23) . In addition, sphingosine kinases (SphKs), which phosphorylate sphingosine to form S1P, have been shown to be involved in many proinflammatory responses such as TNF-␣triggered inflammatory arthritis (24) and endotoxin-induced lung inflammatory injury (25) .
In this study, we investigated whether sphingolipid signaling plays an important role in adipose proinflammatory responses that are triggered by lipolytic activation. Our data suggest that adipose lipolysis activates SphK1, which contributes to adipose proinflammatory signaling. Thus, targeting SphK1 may provide a novel means for modulating obesity-induced inflammation.
EXPERIMENTAL PROCEDURES
Reagents-Sphingosine 1-phosphate (BIOMOL) was resuspended in 4% fatty acid-free BSA (Sigma) to make a stock solution of 200 M (26). Sphingosine kinase inhibitor 2 (SKI-2, Cayman Chemical), a selective inhibitor of SphK (27) , was dissolved in dimethylformamide. SP 600125 and JNK inhibitor VIII were purchased from Cayman Chemical. Isoproterenol (specific agonist of ␤-adrenergic receptor) and CL-316243 (CL) (Sigma) were dissolved in H 2 O. BAY 59-9435 (BAY, dissolved in 0.5% methylcellulose), a highly selective HSL inhibitor (28 -30) , was chemically synthesized, as described (30) . Novo 13f, another highly selective HSL inhibitor (31) , was a generous gift of Dr. Christian Fledelius (Novo Nordisk A/S). Sphk1 antibodies were from Antibody Verify, Inc. (AAS67634C) or Cell Signaling Technology (no. 3297). SphK2 and c-Jun antibodies were from Santa Cruz Biotechnology (sc-22704) and Cell Signaling (no. 9165), respectively. IL-6 antibody was from Novus Biologicals (NB600-1131). AP-1 ChIP assay kit was from SABiosciences. Small interfering RNA (siRNA) oligonucleotides were purchased from Qiagen. Unless otherwise specified, chemicals and reagents were purchased from Sigma-Aldrich.
Cell Culture-3T3-L1 cells and 3T3-L1 cells stably expressing coxsackie and adenovirus receptor (3T3-L1-CAR) were cultured and differentiated as described previously (13, 32) . Two days post-differentiation, cells were cultured overnight in serum-free DMEM. Subsequently, cells were treated with 10 M of isoproterenol or H 2 O control. Alternatively, cells were pretreated with SKI-2 (5 M) or BAY (10 M) for 1 h, followed by stimulating with or without isoproterenol (10 M) for additional 3 h. Cell pellets were collected, and mRNA or protein levels were measured by qPCR or Western blotting analysis.
Transduction of 3T3-L1-CAR Cells-Differentiated 3T3-L1-CAR cells in 12-well plates were transduced with 200 multiplicity of infection of adenoviral particles carrying SphK1 or ␤-galactosidase vector (a general gift of Dr. Timothy Hla, Cornell University School of Medicine) for 24 h in serum-free DMEM medium, as described previously (23, 33) . Cells were then collected for RNA isolation and qPCR quantification.
Animal Studies-All animal procedures were performed according to the National Institutes of Health and institutional guidelines and were approved by the Wayne State University Animal Use and Care Committee. C57BL/6 (8-week-old male, Harlan Laboratories) and SphK1 null mice (on a C57BL/6 background) (34) were used in this study. To examine the role of ADRB3 signaling in the regulation of SphKs and IL-6 expression, mice (n ϭ 6) were intraperitoneally (i.p.) injected with control H 2 O or 10 nmol of CL, the highly selective agonist of ADRB3 (28, 29) , and tissues were harvested 3 h later as described (13, 29) . To examine the role of HSL in the ADRB3regulated SphKs and IL-6 expression, mice (n ϭ 7-8) were pretreated with the selective HSL inhibitor BAY or methycelluose as described previously (28 -30) . To examine the effect of SphK inhibition on IL-6 expression, mice (n ϭ 7-8) were pretreated with SphK inhibitor SKI-2 (20 mg/kg body weight) dissolved in 100 l of dimethylformamide via intraperitoneal injection. Mice injected with dimethylformamide alone were used as a control. One hour later, mice were intraperitoneally injected with 10 nmol of CL or H 2 O, and tissues were harvested 3 h later. Mice were euthanized, epididymal white adipose tissues (EWAT) pads were collected and processed for real-time PCR analysis and Western blotting analysis.
RT-PCR and Real-time PCR-Total RNA was isolated from cultured cells and mouse EWAT using the RNeasy kit (Qiagen) and was reversely transcribed with an oligo-dT primer (Promega) by M-MLV reverse transcriptase (Promega) for first strand cDNA synthesis. For real-time PCR quantitation, 50 ng of reversely transcribed cDNAs were amplified with the ABI 7500 system (Applied Biosystems) in the presence of TaqMan DNA polymerase. PCR primer pairs used were as follows: mouse IL-6, 5Ј-AGTGG CTAAG GACCA AGACC-3Ј (sense) and 5Ј-TCTGA CCACA GTGAG GAATG-3Ј (antisense); mouse SphK1, 5Ј-TCTAC CTCCC GCCAT AAAA-3Ј (sense) and 5Ј-CTCCT CCCCA CAACA AAAC-3Ј (antisense); mouse SphK2, 5Ј-CCAAC AAGTG TCTCC TCCAA A-3Ј (sense) and 5Ј-CCTCA GGGAT GTCAA AGTTC A-3Ј (antisense); and mouse GAPDH, 5Ј-CACCT TCGAT GCCGG GGCTG-3Ј (sense) and 5Ј-GGCCA TGAGG TCCAC CACCC-3Ј (antisense). The qPCR reaction was performed by using a universal PCR Master Mix (Applied Biosystems) according to manufacturer's instructions. Relative quantification was calculated using the SDS software (Applied Biosystems) based on the following equation: relative quantification ϭ 2 Ϫ⌬⌬Ct , where Ct is the threshold cycle to detect fluorescence. Ct values were normalized to the internal GAPDH standard.
Sphingolipid Extraction-Differentiated 3T3-L1 cells were washed with PBS, changed to phenol-red free plain RPMI 1640, and treated with or without isoproterenol for 3 h. Culture media were added with 10 l (1 g/ml) of C17-sphingosine internal standard, followed by the addition of equal volume of extraction buffer (isopropanol:ethyl acetate ϭ 15:85, v/v). Mixture was vortexed for 2 min and then centrifuged for 10 min at 4000 rpm. The upper phase was transferred to a new vial, and the aqueous phase was acidified with 100 l of formic acid. The extraction process was repeated with the aqueous phase by adding another equal volume of extraction buffer, vortexing for 2 min, and centrifuging for 10 min. The upper organic phases from two extractions were combined and speed-vacuum dried. Lipid extracts were reconstituted with 50 l of solvent A (2 mM NH 4 CO 2 H, 0.2% formic acid, in 90% H 2 O and 10% methanol) and 50 l of solvent B (95% methanol, 5% H 2 O, 0.2% formic acid) for LC-MS/MS sphingolipid analysis as we described (23, 35) .
LC-MS/MS Quantification-For LC-MS/MS analysis, reverse phase HPLC was performed using BDS HYPERSIL C8 columns (100 ϫ 2.1 mm, 2.4 m, Thermo Scientific) and gradient elution on Waters Alliance 2695 system (Waters Corp.). The mobile phase consisted of methanol, water, and ammonium formate. Solvent A was 2 mM ammonium formate in methanol with 0.2% formic acid. The column was equilibrated with solvent A for 5 min. Samples were injected using the autosampler maintained at 10 Ϯ 2°C. The injection volumes were 80 l for each sample. A complete injection of each sample took 7 min, including column equilibration. The flow rate was 0.3 ml/min. The HPLC eluent was directly introduced to QuattroLC mass spectrometer (Micromass-Waters), equipped with an electrospray ion (ESI) source that was used for electrospray ion-MS/ MS. The electrospray ion-MS/MS experiments for the quantitation of sphingolipids were performed as we prescribed (23, 33) . Briefly, sphingolipid quantitation was carried out in the positive ion mode with ESI needle voltage, 2.8 kV; source block temperature, 120°C; desolvation temperature, 350°C; desolvation gas flow, 540 liters/h; nebulizer gas flow, 80 liters/h; and the collision gas pressure was 3.2 ϫ 10 Ϫ4 bar. Cone voltage and collision energy for each Multiple Reaction Monitoring transition were optimized. Chromatographic data were analyzed by Quanlynx module of the Masslynx software (Waters Corp.) to integrate the chromatograms for each Multiple Reaction Monitoring transition.
ELISA Measurement of IL-6 Polypeptides-The presence of IL-6 polypeptides in culture media of 3T3-L1 adipocytes was quantitated by ELISA analysis following manufacturer's instructions (BD Biosciences). Briefly, 50 l of IL-6 polypeptide standard or culture medium was mixed with 50 l of ELISA diluent. Mixture was loaded into each well of an ELISA plate, which was precoated with anti-mouse IL-6 monoclonal antibody. Reaction was kept at room temperature for 2 h. Subsequently, contents of wells were decanted, and wells were washed with wash buffer for five times. 100 l of working detector solution was added to each well and kept at room temperature. One hour later, wells were washed for seven times with wash buffer (PBS with 0.05% Tween 20). One hundred l of 3,3Ј,5,5Ј-tetramethylbenzidine One-Step substrate reagent was added to each well and kept in the dark at room temperature. Thirty minutes later, 50 l of stop solution was added to each well, and absorbance at 450 nm was read within 30 min.
siRNA Transfection-Specific knockdown of SphK1 and SphK2 in 3T3-L1 adipocytes was achieved by employing the siRNAmediated gene silencing technique, as described previously (36) . siRNAs used were mouse si-SphK1 (SI01431283, Qiagen) and si-SphK2 (SI01431283). Non-targeting control siRNA (SI03650318, Qiagen) was used as a negative control. Differentiated 3T3-L1 adipocytes were trypsinized and replated (4 ϫ 10 5 cells/well) in collagen-coated 12-well plates containing 50 nM of siRNA or non-targeting siRNA. siRNAs were delivered by the HiPerFect transfection reagent (Qiagen). Forty-eight hours later, culture media were changed, and cells were stimulated with 10 M of isoproterenol for additional 3 h. Cell culture media were collected for ELISA analysis. Cell pellets were collected for RNA isolation, RT-PCR, and real-time PCR as mentioned above.
Immunofluorescence Staining-Cells were cultured in glassbottomed Petri dish (MatTek, Ashland, MA). After treating with or without isoproterenol (10 M), cultures were fixed with 4% paraformaldehyde at room temperature for 30 min. Cells were permeabilized with 0.05% Triton X-100 and blocked with 1% bovine serum albumin for 30 min. Subsequently, cells were incubated with primary antibody (1:100) followed by FITCconjugated secondary antibody (1:500). Fluorescence images were captured by the Leica TCS SP5 confocal system (Leica, Wetzlar, Germany).
Statistical Analysis-Results are shown as mean Ϯ S.D. Differences between various treatments were analyzed by Student's t test. p value Ͻ 0.05 was considered significant.
RESULTS

ADRB3/HSL Signaling Induces SphK1 Expression in Adipocytes and White
Adipose Tissues-ADRB3 activation stimulates HSL-mediated lipolysis in adipocytes and white adipose tissues (28) . We investigated whether sphingolipid signaling plays functional roles in the adipose lipolysis-mediated physiological responses. Initially, we examined whether ADRB3 activation regulates expression of SphKs in adipose tissue. Treatment with CL-316234 (CL), a specific agonist of ADRB3 receptors (28, 29) , induced a dramatic increase of SphK1 expression in EWAT (ϳ120-fold increase) ( Fig. 1A) . CL did not alter levels of SphK2 mRNA. Western blotting analysis showed that CL administration profoundly increased SphK1 proteins in EWAT but did not change SphK2 protein levels (Fig. 1B) . Subsequently, we examined whether the CL-induced SphK1 upregulation in EWAT is dependent on HSL activity using BAY 59-9435, a highly selective inhibitor of HSL (28 -30) . As shown in Fig. 1, A and B , pretreatment with BAY completely abrogated the induction of SphK1 expression by CL.
Next, cultured mouse 3T3-L1 adipocytes were used as an in vitro system to validate the observation that lipolysis induced SphK1 expression. Differentiated 3T3-L1 adipocytes were treated with or without isoproterenol (10 M, 3 h), and expression of SphK1 and SphK2 was determined. We observed that isoproterenol treatment induced ϳ3-fold increase of SphK1 expression ( Fig. 2A) . In contrast, isoproterenol had no effect on SphK2 expression ( Fig. 2B ). Similar to our observation in EWAT, isoproterenol-induced SphK1 expression was blocked by BAY treatment ( Fig. 2A) . To confirm the specific involvement of HSL in isoproterenol-induced SphK1 up-regulation, 3T3-L1 cells were pretreated with Novo 13f, another selective HSL inhibitor (31) . As shown in Fig. 2C , isoproterenol-increased SphK1 levels were completed abrogated by Novo 13f treatment. In addition, Western blot analysis showed that isoproterenol treatment markedly increased SphK1 protein levels, and the isoproterenol-increased SphK1 protein expression was inhibited by the presence of BAY (Fig. 2, D and E) . Neither isoproterenol nor BAY treatment altered levels of SphK2 proteins. SphKs are lipid kinases that catalyze the formation of S1P from sphingosine. Concomitant with SphK1 up-regulation, iso-proterenol treatment increased S1P production and release into media by 5-fold ( Fig. 2F) .
ADRB3/HSL Up-regulates SphK1 via the JNK/AP-1 Signaling Pathway-We reported previously that ADRB3/HSL signaling activates stress kinases, including p38 and c-Jun N-terminal kinase (JNK) in adipocytes (13) . Also, promoter analysis found several candidate binding sites of activator protein-1 (AP-1, a heterodimeric complex composed of proteins including c-Jun and c-Fos) transcriptional factor and c-Jun in the SphK1 promoter region (see the SABiosciences website, EpiTect ChIP qPCR Primers search). Thus, we examined whether ADRB3/ HSL signaling mediated SphK1 up-regulation is controlled by the JNK/c-Jun pathway. ChIP analysis with the c-Jun antibody showed that isoproterenol increased c-Jun binding to the AP-1 site in the SphK1 promoter (Fig. 3A) . Moreover, pharmacological inhibition of JNK activity with SP600125 greatly suppressed induction of SphK1 expression by isoproterenol (Fig. 3B) . In contrast, pharmacological inhibition of p38 activity with SB203580 had no effect on the induction of SphK1 expression by isoproterenol. Moreover, treatment with another JNK inhibitor, JNK inhibitor VIII (38, 39) , completely diminished the isoproterenol-induced SphK1 up-regulation (Fig. 3C) . These data suggest that ADRB3/HSL signaling activates the JNK/AP-1 pathway, ultimately leading to transcriptional up-regulation of SphK1.
SphK1 Plays a Critical Role in ADRB3/HSL-stimulated Expression of Proinflammatory Cytokine IL-6 -In previous work, we showed that activation of ADRB3/HSL signaling in adipocytes in vivo and model adipocytes in vitro triggers acute changes in metabolism that alter patterns of gene expression, including inflammatory genes IL-6, CCL2, and PAI-1 (13) . IL-6 is a key player in chronic inflammation, and levels of circulating IL-6 are elevated in several proinflammatory diseases. Moreover, plasma IL-6 concentrations are elevated in obesity (40, 41) . Therefore, we examined the role of SphK1 in lipolysismediated IL-6 gene expression. As shown in Fig. 4 , activation of ADRB3 pathway up-regulated IL-6 gene expression ( Fig. 4A ) and increased the appearance of IL-6 protein in adipocytes (Fig.  4B ) and the release of the cytokine into media (Fig. 4C ). Importantly, both ADRB3-triggered production and release of IL-6 were greatly suppressed by BAY treatment, indicating the requirement of HSL activity. Ͻ 0.05, n ϭ 4, t test) . C, 3T3-L1 adipocytes were pretreated with or without HSL inhibitor Novo 13f (Novo, 10 M, 0.5 h) followed by stimulation in the presence or absence of isoproterenol. Levels of SphK1 were measured by qPCR. F, quantitation of S1P in adipocyte culture media by LC-MS/MS method. Note that S1P production was significantly increased in isoproterenol-treated cells. Data in A-C are means Ϯ S.D. of triplicate determinations. Panels A-F were repeated at least twice with similar results. **, p Ͻ 0.01, t test. Ctrl, control.
We next investigated whether lipolysis-activated SphK1 is required for ADRB3/HSL signaling-induced IL-6 production in adipocytes and white adipose tissues. 3T3-L1 cells were treated with or without isoproterenol in the presence and absence of SKI-2 (4-[[4-(4-chlorophenyl)-2-thiazolyl]amino]phenol), a selective inhibitor of SphKs (27) . IL-6 levels were markedly upregulated in isoproterenol-treated adipocytes, and ϳ65% of the isoproterenol-induced IL-6 was inhibited in the presence of SKI-2 (p Ͻ 0.05, n ϭ 3) ( Fig. 5A ). We also examined the role of SphK1 in lipolysis-stimulated IL-6 production in mouse white adipose tissue. Mice were injected with control vehicle or SKI-2 for 1 h, followed by injection of CL or saline, and the expression level of IL-6 was measured by qPCR. As shown in Fig. 5B , IL-6 was dramatically up-regulated by CL administration in vivo (n ϭ 8, p Ͻ 0.01). SKI-2 pretreatment inhibited ϳ80% of CLstimulated IL-6 expression (n ϭ 4, p Ͻ 0.05) (Fig. 5B) . These in vitro and animal experiments, utilizing SKI-2, strongly suggest that SphK1 plays an important role in the lipolysis-induced pro-inflammatory cytokine IL-6 expression.
To further validate the role of SphK1 in the adipose lipolysisinduced IL-6 expression, we examined the effects of selective SphK1 or SphK2 knockdown in 3T3-L1 adipocytes. Compared with cells transfected with non-target siRNA, SphK1 and SphK2 siRNAs selectively reduced expression of the targeted mRNAs by ϳ50% under basal and stimulated conditions (Fig. 6,  A and B) . Knockdown of SphK1, but not SphK2, reduced induction of IL-6 mRNA and proteins by isoproterenol stimulation (Fig. 6, C and D) .
We also examined the effects of adenoviral overexpression of SpkK1 in 3T3-L1-CAR cells. SphK1 was ectopically expressed in 3T3-L1-CAR cells to a level comparable with that induced by isoproterenol treatment (Fig. 6E ). As shown in Fig. 6F, ectopic   FIGURE 3 . The JNK/c-Jun signaling pathway mediates the ADRB3/HSL signaling up-regulated SphK1 expression. A, differentiated 3T3-L1 adipocytes were treated with isoproterenol (10 M) for indicated times. AP-1 ChIP assays were performed by amplifying the anti-c-Jun precipitates with primer pairs specific for AP-1 site in the SphK1 promoter region (SABiosciences, GPM1030068(Ϫ)02A). Total input, PCR amplification of total input chromatin, was used as a loading control. ϪVe, negative control, immunoprecipitation was performed by using normal rabbit IgG. ϩVe, GAPDH ChIP assay of anti-RNA polymerase II precipitates to ensure ChIP reaction was successful. M.W., molecular weight markers. B, 3T3-L1 cells were pretreated with inhibitor of JNK (SP600125, 10 M) or p38 (SB203580, 10 M) for 30 min, followed by stimulating with isoproterenol for 3 h. Levels of SphK1 were measured by qPCR analysis. C, qPCR quantitation of SphK1 in 3T3-L1 cells pretreated with JNK inhibitor VIII (JNK Inh. VIII, 10 M, 0.5 h), followed by stimulating with isoproterenol for 3 h. Note that JNK inhibitors (SP600125 and JNK inhibitor VIII) completely abrogated the isoproterenol-increased SphK1 expression. Data are mean Ϯ S.D. of triplicate determinations, which were repeated two times with similar results. *, p Ͻ 0.05; ns, not statistically significant; t test; Veh, vehicle; Ctrl, control. FIGURE 4. Activation of ADRB3/HSL signaling stimulates the expression of IL-6. A, 3T3-L1 cells were treated with or without isoproterenol in the presence and absence of HSL inhibitor BAY. Expression levels of IL-6 were measured by qPCR quantitation. B, immunofluorescent staining with anti-IL-6 showed that IL-6 expression was markedly increased after isoproterenol treatment and was inhibited by BAY. C, 3T3-L1 cells were treated with or without isoproterenol for 3 h, in the presence and absence of BAY. Levels of IL-6 proteins present in culture media were measured by ELISA. Note that isoproterenol treatment increased IL-6 in culture media, and BAY significantly diminished the isoproterenol-increased media IL-6. Data in A and C are mean Ϯ S.D. of triplicate determinations (**, p Ͻ 0.01; *, p Ͻ 0.05; t test). Experiments were repeated at least two times with similar results. Ctrl, control. expression of SphK1 alone was able to stimulate IL-6 production in the absence of isoproterenol treatment.
Finally, we examined the role of SphK1 in lipolysis-mediated IL-6 production in wild-type and SphK1 null mice (34) . As shown in Fig. 7, A and B , CL treatment increased expression of SphK1 and IL-6 by 31-and 160-fold, respectively, in wild-type mice. Knock-out of SphK1 reduced CL-mediated induction of IL-6 mRNA by two-thirds ( Fig. 7B ) and completely eliminated up-regulation of IL-6 protein expression ( Fig. 7, C and D) . Collectively, these data demonstrate that SphK1 is a critical regulator of lipolysis-stimulated IL-6 production in adipocytes.
DISCUSSION
Acute ADRB3 activation triggers a proinflammatory response in adipose tissue (13, 42) , and this effect is mediated by lipolytic products derived from activation of HSL (13) . However, the signaling events downstream of HSL leading to adipose inflammation are incompletely understood. In this report, we investigated mechanisms by which excess lipolysis produces adipose tissue inflammation. We found that ADRB3/HSL signaling selectively activated SphK1, and not SphK2, and increased S1P production in adipocytes. We previously showed that activation of ADRB3/HSL signaling in adipocytes in vivo and model adipocytes in vitro triggers acute changes in metabolism that alter patterns of gene expression, including inflammatory genes IL-6, CCL2, and PAI-1 (13) . IL-6 has been shown to be a key player in chronic inflammation, and levels of circulating IL-6 are elevated in several proinflammatory diseases such as rheumatoid arthritis, systemic juvenile idiopathic arthritis, systemic lupus erythematosus, ankylosing spondylitis, psoriasis, and Crohn disease (43) . Therefore, we focused on investigating the role of SphK1 activation in lipolysis-induced IL-6 gene expres-sion in the present study. Our data demonstrate that SphK1 appears to link adrenergic activation of HSL with the production of the proinflammatory cytokine IL-6. Plasma IL-6 concentrations are elevated in obesity (40, 41) . Therefore, our study implies that SphK1 activation may be functionally involved in obese associated adipocyte inflammation.
HSL-stimulated lipolysis results in the liberation of free fatty acids, including palmitate from triglycerides in adipocytes (13, 29, 44) . Palmitate treatment enhanced SphK1 expression in C2C12 myotubes (45) . The study of Ross et al. (46) suggested that peroxisome proliferator-activated receptor ␣ is involved in the palmitate-induced SphK1 expression in muscle. In contrast, we found that the stress kinase JNK/AP-1 signaling cascade 3T3-L1 cells were transfected with sequence specific si-SphK1, si-SphK2, or non-targeting control (NC) siRNA oligonucleotides (50 nM, Invitrogen). Cells were stimulated with or without isoproterenol (10 M) for 3 h at 48 h posttransfection. Cell pellets were collected for qPCR quantitation of expression levels of SphK1 (A), SphK2 (B), and IL-6 (C). Cultural media were used for IL-6 measurement by ELISA analysis (D). Note that SphK1 was profoundly knocked down in cells transfected with si-SphK1, compared with that in cells transfected with non-targeting control siRNA or si-SphK2 and that isoproterenol-induced SphK1 up-regulation was diminished specifically in cells transfected with si-SphK1 (A). Similarly, SphK2 expression was specifically knocked down in cells transfected with si-SphK2 (B). Also note that isoproterenol-induced IL-6 mRNA (C) and proteins (D) were specifically inhibited in cells transfected with si-SphK1. In contrast, transfection with si-SphK2 had no effect on isoproterenol-enhanced IL-6 expression (C and D). E and F, 3T3-L1-CAR cells were transduced with a multiplicity of 200 of adenoviral particles carry SphK1 (adeno-SphK1) or ␤-galactosidase (control; Ctrl). Expression levels of SphK1 (E) or IL-6 (F) were measured by qPCR analysis. Note that ectopic expression of SphK1 significantly increased IL-6 expression. Data are mean Ϯ S.D. of triplicate determinations (**, p Ͻ 0.01; *, p Ͻ 0.05; ns, not statistically significant; t test). All experiments were repeated at least twice with similar results.
contributes to the HSL-triggered SphK1 up-regulation in adipocytes. These results suggest that distinct signaling pathway may mediate SphK1 up-regulation in different cell types.
It was shown that high fat diet treatment caused a SphK1-dependent up-regulation of IL-6 in muscle, whereas high fat diet had no effect on the IL-6 levels in adipose tissue (46) . In contrast, Wang et al. (37) recently observed that high fat diet triggered adipose inflammation (including up-regulation of IL-6), which was dependent on SphK1 activity. The reason for these divergent results is not known, but may involve differences in levels of adiposity and basal levels of adipocyte lipolysis. In the present experiments, the rapid activation of IL-6 production by adrenergic activation allowed detailed mechanistic analysis. Our results demonstrated that lipolysis rapidly up-regulated SphK1 and increased S1P production in adipocytes, which ultimately led to enhanced expression of IL-6 proinflammatory cytokine. This pathway, which was confirmed in vitro and in vivo by pharmacological and genetic approaches, clearly demonstrates that SphK1 is a critical mediator of proinflammatory responses in adipocytes and adipose tissues. These observations suggest that targeting adipose SphK1 may provide a therapeutic avenue for treating adipose inflammation and its associated pathological disorders.
